We report the generation of ultraviolet (253.7-nm) sub-Poisson light from Hg vapor excited by inelastic collisions with a space-charge-limited (quiet) electron beam. This first stationary sub-Poisson light source is only weakly so, with a Fano factor that is between two and three standard deviations below that for Poisson light. This is principally because of optical losses in the experimental apparatus. There does not appear to be any fundamental limit that impedes the techniques from being used to produce an intense cw light source that is also arbitrarily subPoisson.
INTRODUCTION
Twenty years ago an important theoretical study on the quantum theory of light was carried out by Glauber.1 2 One of the significant conclusions originating from this work is that quantum electrodynamics entertains a far broader variety of states of the electromagnetic field than does classical electrodynamics. Examples of light without classical analog include squeezed, antibunched, and sub-Poisson sources. Other manifestations of a nonclassical photon point process are also possible, e.g., an interevent-time probability density function whose coefficient of variation lies below unity. About 15 years ago, researchers began to ruminate about ways of generating quantum-mechanical light. Early suggestions originated with Mollow and Glauber 3 , 4 and with Stoler, 5 , 6 who studied squeezed states as well as the use of degenerate parametric amplification as a mechanism for producing antibunched light. Since that time, there have been many other suggestions for generating nonclassical light. 7 Almost all of these, in one way or another, involve higher-order (nonlinear) optical interactions, such as parametric amplification, multiphoton processes, and resonance fluorescence.
In a recent theoretical study we showed that, under proper circumstances, sub-Poisson light is expected to be generated by a system composed of sub-Poisson excitations cascaded with independent sub-Poisson nonstationary individual emissions. 8 As a specific method for constructing such a source, we proposed that a collection of atoms be excited by inelastic collisions with a low-energy space-charge-limited (quiet) electron beam. 9 In this scheme, the reduction of the usual Poisson randomness of the excitations arises from space-charge effects.1 0 -' 2 The quieting process in vacuum has been studied extensively, and it can be substantial. 12 Compact expressions exist for the shot-noise reduction factor r 2 (which carry over to the electron variance-to-mean ratio by a Bernoulli transform that results from the nonunity quantum efficiency of the photodetector (this is random deletion, which is also known as partition noise).
The processes are essentially reversed for inverse photoemission (the Franck-Hertz effect). In Fig. 1(a) , an electron strikes an atom, loses its kinetic energy, and excites the atom. The atom then decays to a lower energy state and in the process emits a single photon by spontaneous emission. The energy of the emitted photon is equal to the energy supplied to the electron by an external field (E) less the cathodeemitter contact potential eO, as shown in Fig. 1(b) . Only electrons with kinetic energy corresponding to the discrete energy levels of the atom (indicated by crosses) are effective in producing photons. In Fig. 1(c) we show that the average photon flux is proportional to the average electron current. Because this mechanism involves ordinary spontaneous emission, it is a first-order optical process and can be expected to produce a high photon flux. Finally, in Fig. 1 It could be useful for investigating optical interactions in various disciplines, such as the behavior of the human visual system at the threshold of seeing. 27 It should be noted that a sub-Poisson source may or may not be antibunched. 9 A preliminary report of this work was presented at the Thirteenth International Quantum Electronics Conference in Anaheim, California. interference. An ultraviolet-transmitting, visible-attenuating filter (Schott UG-5) permits the FH light to pass out of the enclosure while attenuating some of the red and infrared filament light from the FH tube. The radiation impinges upon a photon-counting photomultiplier tube (PMT) about 3 cm away from the center of the FH tube. The PMT (Hamamatsu R431SP) was specially selected for high quantum efficiency at 253.7 nm (15%) and was operated at ambient temperature. It is inserted in a special base (Hamamatsu C1050) that provides preamplification, discrimination, and pulse shaping and supplies high voltage to the PMT (1025 V from an Ortec 456). The output is then passed through a buffer amplifier (5X) to convert the C1050 output to standard TTL pulses. The standardized signal goes to the electronic photon-counting equipment. Both a rate photon counter (Hewlett-Packard 5370A) and a statistical photon counter 
(Langley-Ford 1096) are used; the latter is controlled by a Hewlett-Packard minicomputer (HP 9825B). The rate photon counter provides the detected mean photon count rate ,M in thousands of counts per second (kcnt/sec), whereas the statistical photon counter gives the probability distribution p(n, T) for the detection of n photons in the time T. The mean photon count (n) and the count variance-to-mean ratio (Fano factor) Fn (T) are calculated from p (n, T). The entire apparatus, except for the photon counters and computer control, is placed on a metal vibration-isolation table. The FH source, the laser, and the PMT are in a light-tight box. The FH tube was specially constructed in a Corning 9741 cylindrical envelope (52-mm height, 25-mm diameter, 0.8-mm wall thickness) to permit the ultraviolet light to emerge. The filament/BaO-cathode assembly is encased in a-cylindrical Ni enclosure with a 5-mm orifice at the top that serves as the first grid (Gi). This assembly is a modified version of a standard vidicon unit. The filament voltage was supplied by a 12-V dc Pb storage battery to minimize noise. A decade resistance box was placed in series with the battery to provide a filament voltage of 6.05 V dc. For the experiments reported here, the cathode was electrically connected to the negative-polarity side of the filament; both G1 and the envelope of the tube were set at ground potential. Two circular Ni meshes (90% light transmission) serve as the second grid (G2) and anode (A), located 10 and 14 mm away from G1, respectively. For this set of experiments the tube was used as a diode, i.e., the two meshes were connected together to serve as a single anode, as indicated schematically in Fig. 2 . The tube is filled with 0.75-g pure natural Hg. A semicylindrical Al mirror is coated on the exterior of the upper portion of the tube to enhance light collection. Al foil is wrapped about the top of the tube for this same purpose. Electrical measurements confirmed the presence of the classic FH dip in the anode current (when operated in the proper configuration and at sufficiently high temperature) and the presence of space charge in the tube.1 Simultaneous electrical and optical experiments were avoided because of bursts of noise introduced by the current-measuring electrometer (Keithley 610C) at the low levels of operation (picoamperes).
253.7-nm FRANCK-/FILAMENT LIGH 1 UV-TRANSMITTIt
The oven was heated to the desired temperature by applying 50-V dc to the oven coil through a temperature controller (Love 49J). Feedback to the controller is provided by a lug thermocouple mounted in the oven. The temperature is maintained constant to better than 0.1 0 C and is recorded by a digital thermometer (Keithley 871). Most experiments were conducted either at ambient temperature (26.6 0 C) or in the range 90-120'C; the sub-Poisson behavior seems to be most pronounced at these temperatures.
B. Parameters
Experimental parameters and values were determined in the following way. The 6.05-V filament voltage and the diode configuration of the tube provided substantial space charge as determined from electrical measurements. The electron Fano factor is estimated to be Fe 0.1 based on typical vacuum-tube results.' 2 The tube was operated at 26.6 0 C, where the system exhibited its lowest noise operation and highest PMT efficiency. This low temperature also minimized the effects of resonance trapping and Hg excimer production. The electron-atom excitation probability 1e is estimated to be -0.25 at this temperature; electrical measurements showed that this factor approaches 0.9 at roughly 90'C. The tube was placed as close as practicable (-3 cm) to the PMT, and with the surrounding Al foil and semicylindrical mirror, we estimate that the geometrical photon-collection efficiency g 0.1. Many spatial modes were collected (M, >> 1) to eliminate wavelike noise' 5 resulting from interference. 8 The transmission factor for the Schott UG-5 filter was measured to be o1f = 0.83 at 253.7 nm. The UG-5 transmission for 6.05-V filament light was 0.28; these numbers play a role in determining the level of additive Poisson light. The discriminator setting on the PMT base was adjusted to 1.0 V to balance between the effects of excessive PMT afterpulsing and cosmic-ray events on the one hand and the loss of counting efficiency on the other hand. The counting time T was set at 1.0 ,isec. This was short enough to provide a large number of samples (and therefore good statistics) and to minimize afterpulse and cosmic-ray-induced photoelectron clusters, Table 1. which raise the Fano factor above unity. On the other hand, T must be set as high as possible in order to capture the anticorrelated events, i.e., to satisfy the conditions T» Tp, re where rp is the photon excitation/emission correlation time and Te is the electron correlation time. 8 The mean count (n) was kept low to avoid both saturation of the PMT (and its associated electronics) and large dead-time effects 29 0.0004. This calculated value for the SE was verified experimentally by carrying out many series of runs. It is indicated by the error bracket in Fig. 3 , which applies to all data points.
After the datum for the filament light was obtained, the anode voltage on the FH tube was increased until the desired photon count rate A = (n )/T was observed on the rate photon counter. The onset of ultraviolet light emission occurs when the anode supply voltage VA exceeds about 5.9 V dc (the photon energy plus the contact potential). increases steeply with VA ( t 105 when VA 6.7 V dc), so that typical values of VA used in our experiments were in the range 6.0-6.5 V dc. The use of a regulated dc power supply (Lambda LL-905), rather than a battery, for the anode supply reduced drift in the anode current. For a given value of (n) = iT, a set of 50 photon-counting distributions was collected in the manner described above, and the mean Fano factor for the FH light was plotted as a triangular data point in Fig. 3 . The value of ,u was then changed, for example by decreasing VA slightly, until the new desired value of M was achieved, at which point the statistical photon counter was used to collect 50 photoncounting distributions (another data point) for the FH-plus- Actually, the measurement of each of these FH-plus-filament data points was alternated with a measurement using filament light together with He-Ne laser light scattered from a ground-glass flat (filled circles connected by solid line segments in Fig. 3 ). This mitigated the effects of slow system gain variations that were occasionally observed. An adjustable neutral-density filter provided a value of Az comparable with that of the previous FH measurement. Table 1 for values of some specific data points). Low A corresponds to low degeneracy parameter (note that the parameter Ai used here is to be distinguished from the parameter pt used in Ref. 8) . Only relative measures of Fn (T) carry meaning; absolute measurements mean little because of afterpulsing and dead time in the counting system, as is discussed in Subsection 3.B. At higher count rates, the data in Fig. 3 nm does indeed lead to substantial phosphorescence.
In Fig. 4 we present the normalized photon-counting distribution [n!p(n) versus count number ni obtained from a collection of 50 photon-counting measurements from experiment 0504:2-3. The dashed line segments represent results for FH-plus-filament light, whereas the solid line segments represent the distribution for Poisson light. The sub-Poisson nature of the FH light can just barely be discerned for 2 < n < 4 (the binomial law was used to calculate the error brackets).
Greater accuracy is available from the Fano factor provided in Fig. 3 because it combines the deviations from Poisson behavior for all n values into a single parameter. Numerical values associated with Fig. 4 are provided in Table 1 . They are seen to be similar to comparable data from experiment 0323:8-7, also presented in Table 1 .
B. Corrections to the Data
There are a number of corrections that must be applied to the raw data if we wish to obtain an absolute value of Fn (T) for the FH light. These include afterpulsing and cosmic-ray events in the PMT, dead time in the photon-counting system, and background counts from the filament. Because of the well-known properties of modified Poisson processes, the magnitudes of these effects can be estimated quite readily from the Poisson-light data points. However, it is difficult to apply these corrections in a proper way to the FH light because the characteristics of the underlying point process are not known. The problem is particularly difficult because of the admixture of Poisson filament light in the FH light. Rather than attempting to make such corrections analytically, therefore, we have measured the value of Fn(T) for the FH light relative to that for Poisson light. To be able to treat the data in this manner requires the plausible assumption that afterpulsing and dead time distort the FH and Poisson light in approximately the same way. Indeed, if anything, dead time will affect the Poisson light more than the FH light, thereby making the sub-Poisson nature of the FH light appear to be less significant than it actually is. The experimental procedure that we used is essentially equivalent to normalizing these effects out of the system. +0.0004. c The effects of dead time are corrected by determining the regression-line intercept at Ji = 0. d Spurious afterpulses and cosmic-ray events are corrected by using the afterpulse probability determined from the Poisson data (q 1.6 X 10-3 for any given pulse in T = 1 usec).
Background light is not removed, so the sub-Poisson effect is underestimated. Table 1 .
In spite of the fact that we may not use them with utter confidence, there is benefit in calculating the magnitudes of the aforementioned corrections, and we proceed to do so. To obtain values for the probability of an afterpulse in the PMT, and the magnitude of the dead time in the counting system, a linear regression line was constructed for the Poisson light data. (This procedure also allowed us to confirm experimentally the statistical reliability of the Fano factor, as mentioned earlier.) The results were substantially the same whether or not the highest-rate data point shown in Fig. 3 was included in the regression calculation; we report the calculation in which all seven circular data points were used. Essentially, the zero-rate intercept of the regression line reflects excess event clustering resulting principally from afterpulsing in the PMT, whereas its negative slope reflects system dead time. For Poisson light the intercept was F ( -> 0, Poisson) = 1.0032. If we assume that for every PMT pulse there is a Bernoulli-distributed probability of an additional spurious pulse, the afterpulse probability q is calculated to be q = (F. -1)(3 -F.) . (1) From Eq. (1), the numerical value of q is -1.6 X 10-3 for any given pulse in T = 1 ,sec.
The magnitude of the dead time is determined by the slope of the regression line, which turns out to be m(Poisson) = -1.8567 X 10-7. We nake use of the well-known relations for the nonparalyzable dead-time-modified Poisson (DTMP) distribution (the Langley-Ford statistical photon 'counter operates by a mechanism similar but not identical to this mathematical process). The relationship between the Fano factor for this distribution, FDTMP, the observed count rate ,g, and the nonparalyzable dead time
Equation (2) should not be used directly to determine In Table 1 we compare the uncorrected and corrected Fano factors for two sets of data (experiments 0323:7-8 and 0504: 2-3) that have nearly the same count rate (u 26000). The quantities AF and A.Fn'(,p -> 0) represent differences between the FH-plus-filament light Fano factor and the Poisson-light Fano factor. We have already pointed out that the uncorrected FH Fano factors lie below those for Poisson light by between two and three standard deviations (since the error bracket is the same for all data points, 0.0004). It is clear from Table 1 that the margin may increase to four standard deviations when corrections for afterpulsing and dead time are included. If it were known how to correct for the background filament light, the margin would be yet greater.
C. Comparison with Theory
We have calculated the theoretical Fano factor and counting distribution for space-charge-limited electron-excited FH light under various conditions. 8 9 "1 6 " 7 In the long-countingtime limit and in the absence of interference (e.g., when the emissions are instantaneous and/or when many spatial modes are detected), the photons behave as classical particles, and the expected Fano factor is
Here 7 is the overall quantum efficiency from electrons to 
dead time, so that the theoretical value of -qOI(1 -Fe) is the expected deviation of the Fano factor for FH light relative to a measurement of the Fano factor for Poisson light. The numerical estimate for AF,'(theory) turns out to be --0.0007, which is roughly two standard deviations below the mean and is close to the observed value (see Table 1 ). We note that full counting distributions such as that displayed in Fig. 4 were usually recorded, but we use the Fano factor as a simple and more accurate measure of the subPoisson character of the light. It is useful because it succinctly describes the noisiness of the source relative to that of an ideal amplitude-stabilized laser.
Finally, we briefly discuss a number of subsidiary effects that occur in the course of FH light generation. The 253. 
CONCLUSION
We conclude that the FH effect stimulated by a spacecharge-limited electron beam is a source of sub-Poisson light, within the statistical uncertainties of the experiment. The agreement with theory is reasonable. We emphasize that there appear to be no fundamental obstacles preventing such a source from being arbitrarily strong and sub-Poisson. Indeed, the intensity of our source was carefully controlled so that the photon-counting equipment would measure the nonclassical nature of the light with a minimum of saturation and dead-time effects. A small increase in the anode voltage produces a virtual flood of photons. The effect that we observe is a stationary one. As such, it must be clearly distinguished from sub-Poisson behavior in individual atomic emissions, which depend on a careful choice of the time window and are obviously severely limited in strength.
There are a number of interesting related experiments, e.g., the use of a broad variety of higher atomic excited states, as well as other atomic, ionic, and molecular species, in a similar configuration. Thus there is the possibility of producing radiation with antibunched and sub-Poisson photon statistics in various regions of the electromagnetic spectrum, including the x-ray. Other charged particles could also be used as the excitation. Excited ionic species, subject to Coulomb repulsion because of their charge, could be used to generate subPoisson spontaneous emissions. A solid-state implementation of this effect may also be possible, since spacecharge-limited electron currents and photon emission are both well-known processes in semiconductor devices.
Since most proposals to produce nonclassical light involve higher-order optical processes, it may be worthwhile to mention two possible multiple-photon versions of the current experiment. The first is a multiphoton FH effect in which the electron excites an atomic state that can decay only by means of spontaneous two-quantum emission. This process is the inverse of the multiphoton photoelectric effect. 34 If such an effect could be observed, the photon flux would be extremely low, and, in any case, the nonclassical nature of the source would be diluted by the multiplication process. The second possibility is more interesting. It involves a subPoisson electron-excited FH experiment in which the accelerating voltage is increased to the point at which two (or more) light bands are produced; i.e., to a value at which each electron produces two spatially separated and time-separated photons. This technique yields twice the light for the same number of electrons, 33 but again, the multiplication dilutes the subPoisson property. However, the two bands might serve as an interesting nonclassical Young double-slit source because of photon anticorrelations at the two slits. 
